The electrochemical behavior of deposited chromium nitride ͑CrN͒ coatings on steel has been investigated in this study. The CrN coatings were prepared by using a reactive cathodic arc plasma deposition technology in an industrial scale. The microstructure and its crystallinity of the chromium nitride have been studied using x-ray diffraction and cross-sectional transmission electron microscopy. The CrN coatings exhibit a microcolumnar morphology. The aqueous corrosion behavior of the coatings was evaluated in a saline ͑3% NaCl solution͒ environment in terms of open-circuit potentials and polarization resistance (R p ) resulting from electrochemical impedance spectroscopy. The results indicated that the CrN coatings are nobler than the uncoated steel and the R p of the CrN coatings is at least one order of magnitude higher than that of uncoated steel. However, the R p of the CrN coatings tend to decrease with immersion duration, showing that the corrosion changes from charge transfer to diffusion controlled, especially when the immersion time is long enough.
I. INTRODUCTION
It goes without saying that the purposes of hard coatings are enhanced by their capability to protect the base material against wear, corrosion, and other unexpected damage. Many researchers [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] have emphasized the process of hard coatings and the advantage of wear. Few studies, concerning corrosion, especially electrochemical impedance spectroscopy ͑EIS͒, have been published. The most important work of this study is to use low alloy steels, e.g., AISI 4140, as a substrate on which chromium nitride ͑CrN͒ is deposited using a reactive cathodic arc plasma deposition technology in an industrial scale. The phases of CrN deposits were identified by using both the x-ray /2 diffraction mode and the glancingincidence diffraction mode. Furthermore, characterization of the microstructure and chemistry of the coated CrN has been studied by cross-sectional transmission electron microscopy ͑XTEM͒. The aqueous corrosion tendency and the polarization resistance (R p ) of the coated CrN were evaluated in a saline environment of 3% NaCl.
II. EXPERIMENT
AISI 4140 was used as the substrate for coating CrN with the following chemical composition: 0.39 C, 0.24 Si, 0.71 Mn, 0.029 P, 0.04 Ni, 0.18 Mo, and 1.06 Cr. Disk-shaped specimens 5 mm thick and 20 mm in diameter were machined for electrochemical measurements including corrosion potentials ( corr ) and polarization resistance R p . All specimens were mechanically ground with a series of emery papers of 120, 320, 600, and 1200 grit. Possible contamination from the surface was ultrasonically cleaned in acetone, then dried in air, and, finally, stored in a desiccator prior to the coating operation.
A cathodic arc plasma deposition technique was used to fabricate the CrN coatings. During the deposition, the AISI 4140 substrate was biased with a dc voltage of Ϫ150 V at an arc current of 60 A; the substrate temperature was about 350°C under a N 2 partial pressure of 2.7 Pa for a deposition time of 70 min.
The observation of the microstructure was analyzed by using transmission electron microscopy ͑TEM͒ ͑JEOL JEM-4000EX͒ and the crystallographic phases were determined by using x-ray diffraction ͑XRD͒ Cu K␣ radiation ͑MAC a͒ Author to whom correspondence should be addressed; electronic mail: hcshih@mse.nthu.edu.tw Sci., model MXP-18͒. The crystalline nature of the specimens as a whole was investigated by using both the XRD /2 ͑30°-90°͒ diffraction mode and the glancing-incidence x-ray diffraction mode ͑GIXRD͒ with incidence angles fixed at 10°, 2°, and 0.5°.
Both alloy steel and its coated assembly of CrN/AISI 4140 were immersed in an aerated 3% NaCl solution for corr and R p measurements at specific intervals. A threeelectrode cell configuration was employed for the impedance measurements, in which a saturated calomel electrode ͑SCE͒ and a platinum net were used as a reference and the counterelectrode, respectively. All potentials in this study were referred to the SCF. The EIS measurements were carried out by using a computer-controlled measuring system of a potentiostat ͑EG&G 283͒ and a frequency response analyzer ͑EG&G 5210͒. The impedance spectra were recorded in the frequency range between 100 kHz and 10 mHz at three frequency points per decade with a 5 mV rms amplitude perturbing signal. In order to monitor the open-circuit potential ͑OCP͒, a high-input impedance Keithley electrometer was used.
III. RESULTS AND DISCUSSION

A. Crystallographic analysis
The diffraction patterns of CrN from the CrN/AISI 4140 assembly match those of CrN given in the JCPDS database ͑No. 11-0065͒. In the /2 mode, as shown in Fig. 1 , the presence of ͑111͒, ͑200͒, ͑220͒, and ͑311͒ reflections of the CrN structure were observed. In addition to the peaks of the CrN phase, signals from AISI 4140 were also observed. Furthermore, the result from the GIXRD provides useful information about the crystal structure at various depths of film. Figure 2 shows the diffraction patterns of the CrN/AISI 4140 assembly at various incidences. The peak of AISI 4140 can be resolved when the incidence angle is set at 10°͑Fig. 2͒, but they are not observed at 2°or at 0.2°. The reason is that the smaller the incidence, the thinner the surface that can be penetrated. 2 of CrN͑220͒ taking place at the incident angles of 10°, 2°, and 0.5°are 62.62°, 62.94°, and 62.96°, respectively. It is worth noting that as the incident angle is reduced, the corresponding 2 value approaches a specific value of 63.597°, as indicated in the JCPDS ͑No. 11-0065͒. Similar traits can be found in other reflections; they are CrN͑111͒, ͑200͒, ͑311͒, and ͑222͒. This result is apparently due to the in-plane internal strain developed at the interface; a maximum is observed between the coating ͑CrN͒ and its substrate, but it reduces to a minimum at the coating surface. The relevant diffraction data, for comparison, are listed in Table I . Fig. 4 . The phase of the transition interlayer is not fully identified since it is too thin to be characterized by the selective area diffraction technique alone. To explore the details of the transition interlayer, a high-resolution TEM ͑HRTEM͒ investigation was, consequently, employed. The HRTEM image taken at an interfacial area of CrN/AISI 4140 is shown in Fig. 5 . This interlayer is crystalline. Earlier researchers investigating chromium-nitride films 6, 11, 12 pointed out the possibility of forming CrN x and Cr 2 N phases. It is also possible that phases such as Cr 2 N, CrN x , or even some nonstoichiometrical phases, are created before the stoichiometrical CrN phases are formed. Further investigations, such as energy-dispersion spectroscopy and nanobeam electron diffraction of TEM, are needed to unambiguously determine the chemistry and structure of this interesting nanointerlayer between CrN and the alloy steel.
B. Cross-sectional TEM investigation
C. Open-circuit potential "OCP…
Variations of the OCP of uncoated steel and coated steel ͑CrN/AISI 4140͒ immersed in an aerated 3% NaCl solution are shown in Fig. 6 . The OCP ( corr ) of CrN/AISI 4140 is found to shift about 100 mV nobler than the alloy steel after 200 h immersion. This observation elucidates the fact that a passive layer is readily formed in the presence of chloride, which is much more efficient on CrN/AISI 4140 than on the uncoated steel in this study. The Wagner-Traud hypothesis 13 for electrochemical corrosion demands that the mixed potential lie between the equilibrium potentials for the anodic and cathodic partial reactions. In an aerated 3% NaCl solution, the equilibrium potential for the cathodic partial reaction 
D. EIS behavior
The Nyquist impedance diagrams for AISI 4140 and the coated steel of CrN/AISI 4140 immersed in the aerated 3% NaCl solution as a function of immersion time are shown in Fig. 7 . As shown in Fig. 7͑a͒ , the polarization resistance R p of the uncoated steel varies with immersion time in the following order: R p (12 h)ϾR p (24 h)ϾR p (0 h). As a result, numerous pits appear on the surface of the uncoated AISI 4140. Such an appearance may suggest a competition mechanism between the plugging action in the pits and the dissolution of the corrosion products. The dissolution is apparently accounting for the hydrolysis of metal chlorides in the pits, which in turn increases the acidity within the pits. The plugging of the pits apparently increases the R p value, and the dissolution decreases the R p value. 14 Figure 7͑b͒ shows the type of corrosion changes from the charge transfer control process to the diffusion control process for sufficient time of immersion for the CrN/AISI 4140 assemblies. Moreover, the R p tends to decrease with immersion duration, resulting from the detachment of macroparticles on the CrN layer.
14 As compared with uncoated AISI 4140, the R p of CrN/steel is at least an order of magnitude larger and, therefore, shows that such coatings are effective in reducing the corrosion of CrN/AISI 4140 in the presence of aqueous chloride environments.
IV. CONCLUSIONS
CrN coatings have successfully been deposited by using the cathodic arc plasma deposition technique. The crystalline phase is identified by using both the x-ray /2 diffraction mode and the glancing-incidence diffraction mode. Furthermore, characterization of the microstructure and chemistry of the CrN coatings have been investigated by XTEM. The aqueous corrosion behavior of the coatings was studied in a saline environment of 3% NaCl solution by OCP and EIS measurements. Based on the results, we can draw the following conclusions:
͑1͒ The internal strain shows a maximum at the interface but relaxes to a minimum at the coating surface. ͑2͒ The coated CrN layer exhibits a strong columnar structure; a crystalline nanointerlayer ͑ϳ6 nm͒ appears in the interface of the CrN/AISI 4140 assembly. ͑3͒ The electrochemical potential of CrN/AISI 4140 immersed in an aerated 3% NaCl solution is at least 100 mV nobler than the uncoated steel, irrespective of the immersion time. ͑4͒ The Nyquist impedance diagrams show that the corrosion changes from the charge transfer control process to the diffusion control process during sufficient time of immersion ͑ϳ1 day͒ for CrN/AISI 4140.
